In 2011, DEHP (plasticizer) was reported to illegally be added in food and beverage products in Taiwan, which caused great concerns about food safety worldwide. DHEP has multiple toxic effects to human and animals such as endocrine disruption, cardiotoxicity, reproductive function, and development defects. However, the toxic effects of DEHP on mammalian oocyte quality are still unclear. Since MEHP is the active metabolite of DEHP in vivo, in this study we used porcine oocyte as model to explore the effects of MEHP on oocyte maturation and we also studied the effects of melatonin administration on MEHP exposure-induced meiosis defects. Our results showed that exposure to MEHP significantly decreased the polar body extrusion rate in porcine oocytes. Further study showed that cell cycle progression, meiotic spindle organization, and actin assembly were all disturbed after MEHP exposure. Moreover, the DNA and histone methylation levels were also affected, showing with altered 5mC and H3K4me2 levels. These results indicated that MEHP affected porcine oocyte maturation, while MEHP exposure-induced meiotic defects were all remarkably ameliorated by the administration of melatonin in porcine oocytes. We further tried to explore the causes of MEHP toxicity on oocytes, and we found that MEHP exposure resulted in significant elevations of oxidative stress and induced early apoptosis as well as elevated autophagy, while melatonin administration could reduce these. Taken together, our results indicated that MEHP exposure induced deterioration of oocyte quality, whereas melatonin supplement showed amelioration on oocyte maturation through its rescue effects on oocyte oxidative stress-mediated apoptosis and autophagy.
Introduction
Di-2-ethylhexyl phthalate (DEHP) is a widely used industrial plasticizer in the production of polyvinyl chloride plastics, including consumer products (such as food storage products and toys) and medical devices. Moreover, due to its propensity to leach, human is widespread and continuously exposed to high levels of DEHP mainly via oral, dermal, inhalation, and intravenous routes [1] . DEHP was related with various adverse reproductive outcomes, such as reproductive hormones alteration [2] and the increase in incidence of damaged sperm DNA [3] . Embryonic exposure to DEHP affected Leydig cell function in the postnatal testis [4] and contributed to testicular dysgenesis syndrome in mice [5] . DEHP exposure also disrupted testicular germ cell organization and spermatogonial stem cell function in mice [6] . Furthermore, prenatal exposure to DEHP disturbed sex determination and was responsible for the precocious puberty in female mice [7] . The exposure to DEHP also disrupted follicular development and induced a significantly decrease of litter size [8, 9] .
Mono-(2-ethylhexyl) phthalate (MEHP) is the active metabolite of DEHP, and MEHP is an endocrine disruptor and a reproductive toxicant. The male reproductive system was sensitive to MEHP since MEHP could reduce steroid production in Leydig cells [10] , and MEHP exposure significantly increased the rate of apoptosis in cultured human and mouse fetal testes [11] . In female reproductive system, exposure to MEHP could also impair follicle survival, follicle growth, and differentiation [12, 13] . MEHP exposure was shown to be associated with preterm birth, low birth weight, and pregnancy loss [14, 15] , Oxidative stress might be the main cause to the toxicity of MEHP since MEHP exposure could generate ROS in different cell types [10, 16] . And the increase in ROS induced by MEHP was related with the induction of apoptosis in human placental cells [17] . Despite evidences linking DEHP/MEHP exposure to reproduction, the toxic effects and underlying mechanisms of MEHP on mammalian oocytes are still largely uncovered.
Melatonin (N-aceyl-5-methoxytryptamine), the major hormone of the pineal gland, was originally involved in biological rhythms regulation and seasonal reproductive activity in mammals [18] . Melatonin and its metabolic derivatives could stimulate the activities of several antioxidant enzymes and played critical roles in antioxidative stress [19] , resisting apoptotic cell death [20] , as well as regulating cytoskeletal organization [21] . As an antioxidant, melatonin could help to overcome oxidative disorder-associated diseases such as diabetes and various muscle disorders [22, 23] . Melatonin also involved into many reproductive processes. For example, melatonin was shown to regulate the secretion of GnRH and LH, testosterone synthesis, and testicular maturation, and to prevent testicular damage caused by environmental toxins [24] . Melatonin was also related with human pregnancy, including the fetal circadian rhythm and fetal development [25] . Moreover, melatonin contributed to progesterone production by its antioxidant function within follicles [26] . Thus, melatonin in follicular fluid was associated with its function on improving ovary function and oocyte quality, thereby enhancing subsequent fertilization and pregnancy rates in human [27] . Melatonin supplementation on bovine oocytes significantly upregulated the expressions of oocyte maturation associated genes like GDF9 and Dnmt1a [28] . Furthermore, melatonin significantly improved the development of pronuclear embryo, embryo implantation, and litter size through reducing ROS production and cellular apoptosis in mouse [29, 30] . Similar effects of melatonin were also verified in bovine embryonic development [31] . However, it was unclear whether melatonin could rescue the porcine oocyte maturation defects under the MEHP exposure.
In this study, we adopted porcine oocyte as the model to explore the toxic effects of MHEP on mammalian oocytes, and we also analyzed the effects of melatonin on MEHP exposure oocyte maturation. Our results indicated the adverse effects of MEHP on porcine oocyte maturation and proposed potential protective effects of melatonin against meiosis deterioration through ameliorating oxidative stress-mediated apoptosis and autophagy in MEHP-exposed oocytes.
Materials and methods

Ethics statement
Animals use and care were in accordance with Animal Research Institute Committee guidelines prescribed by Nanjing Agricultural University, China. This study was specifically approved by the Committee of Animal Research Institute, Nanjing Agricultural University, China, and permission was obtained from the Tianhuan Meat Enterprises Co. (Nanjing, China) to use the ovaries.
Antibodies and chemicals
Mouse monoclonal anti-α-tubulin-FITC antibody, phalloidin-TRITC, and Hoechst 33342 were purchased from Sigma (St. Louis, MO, USA). Rabbit polyclonal anti-microtubule-associated protein 1 light chain 3 (LC3) antibody, rabbit monoclonal anti-ATG7 antibody, and rabbit polyclonal anti-Di-methyl-Histone H3 (Lys4) (H3K4me2) antibody were from Cell Signaling Technology (Devers, MA, USA). Mouse monoclonal anti-5-methyl cytosine (5mC) primary antibody was purchased from Abcam (Cambridge, UK). Alexa Fluor 594 goat anti-mouse antibody, Alexa Fluor 488 and 594 goat anti-rabbit antibodies were from Invitrogen (Carlsbad, CA, USA). Phosphate-buffered saline (PBS) was obtained from Life Technologies (Invitrogen, Carlsbad, CA, USA) (Supplementary Table S1 ). Basic maturation culture medium was tissue culture medium (TCM-199) (St. Louis, MO, USA). MEHP was purchased from Santa Cruz (Santa Cruz, CA, USA). All other chemicals and reagents were from Sigma-Aldrich Corp. unless otherwise stated.
Cumulus-oocyte complexes collection and IVM
Ovaries were obtained from the scale slaughterhouses of Tianhuan Meat Enterprises Co. (Nanjing, China). After 10 h rest from transport, electronarcosis with the electrical pulse of 85 V, 1 A for 3 s is applied. Pigs with 6 months of age were stunned to unconsciousness, and euthanasia should be managed within 30 s. Stock people after training were routinely responsible for performing euthanasia at the slaughterhouse. And pigs were breed in the temperature-controlled room and with appropriate dark-light cycles, fed with regular diet, and maintained under the care of Wens modern hoggery (Taicang, Jiangsu) following their guidelines. Abattoir-derived porcine ovaries were transported to laboratory within 2 h in sterile physiological saline (0.9% NaCl) containing 800 IU/ml of gentamicin at 25
• C-
30
• C. After washing twice with sterile PBS, cumulus-oocyte complexes (COCs) were aspirated from 3 to 6 mm antral follicles using a 20-gauge needle attached to a 10-ml disposable syringe. Oocytes with intact and compact cumulus cells and a uniform ooplasm were selected for study. 
Assessment of nuclear maturation and cell cycle progression
Following IVM, oocyte maturation is judged by both cumulus cells expansion and polar body extrusion. After culturing for 44 h, the degree of cumulus cells expansion was assessed subjectively as not expanded, partially expanded (the outer layer of cells was loosened), or fully expanded (all cumulus cells were loosened) under a stereomicroscope. Subsequently, for assessing the polar bodies emission, under a Olympus IX53 inverted microscope (Olympus Corp., Tokyo, Japan) (×100), a group of denuded oocytes were gathered together and then rotated one by one with a thin sealed glass needle to ensure proper judgment.
For determining cell cycle progression, denuded oocytes were stained with Hoechst 33342 (10 μg/ml in PBS) for 10 min at room temperature. After washing, they were transferred to glass slides and observed under a Zeiss LSM 700 META confocal system. Oocytes being in the germinal vesicle (GV) stage were considered immature, those in the first metaphase (MI) were considered to be maturing, those exhibiting the second metaphase (MII), and a polar body were classified as matured.
Immunofluorescence staining and confocal microscopy
The denuded oocytes were fixed with 4% (w/v) paraformaldehyde in PBS for 30 min and then permeabilized with 1% Triton X-100 (in PBS) for 8-12 h at room temperature; subsequently, the oocytes were blocked with blocking buffer (1% BSA-supplemented PBS) for 1 h at room temperature to suppress nonspecific binding of IgG. For LC3 or H3K4me2 staining, oocytes were incubated with primary antibodies (LC3, 1:100; H3K4me2, 1:1000) overnight at 4
• C. To detect the fluorescence signal of 5mC, the zona pellucida of oocytes was removed by 0.05% pronase (in TCM199). The zona-free samples were denatured with 2N HCl for 30 min at room temperature and neutralized with 100 mM Tris-HCl (pH 8.5) for 10 min, subsequently incubated in PBS that contained 0.05% Tween 20 for 1 h at room temperature and followed by washing three times in blocking buffer. Next, these samples were incubated with a mouse anti-5-mC antibody (1:500) at 4
• C overnight. After washing three times (5 min each) in washing buffer (0.1% Tween 20 and 0.01% Triton X-100 in PBS), oocytes were stained with appropriate secondary antibodies for 1 h at room temperature. For α-tubulin-FITC staining, samples were stained with anti-α-tubulin-FITC antibody (1:400) for 2 h at room temperature. For actin staining, oocytes were labeled with Phalloidin-TRITC (5 μg/ml in PBS) for 1 h at room temperature. After washing three times, oocytes were co-stained with Hoechst 33342 (10 μg/ml in PBS) for 10 min. Finally, samples were mounted on glass slides, and examined with a confocal laser-scanning microscope (Zeiss LSM 700 META, Germany).
Reactive oxygen species level assay
To analysis the levels of intracellular reactive oxygen species ( 
Analysis of Annexin-V
To detect the externalization of phosphatidylserine in early apoptotic oocytes, Annexin V-fluorescein isothiocyanate (FITC) staining was performed using an Annexin V-FITC/EGFP Apoptosis Detection Kit (Vazyme Biotech Co., Ltd, Nanjing, China) based on the manufacturer's instructions. Briefly, a total of 20-30 MI oocytes from each group were incubated in 100 μl binding buffer containing 10 μl of Annexin V-FITC for 10 min in the dark after washing twice in PBS containing 0.01% PVA (w/v). Subsequently, oocytes were washed twice and fixed with 4% (w/v) paraformaldehyde for 1 h. After fixation and washes twice, samples were mounted on glass slides using Hoechst 33342 for DNA fluorescence microscopy. The fluorescent signals of Annexin-V were measured with a confocal system (Zeiss LSM 700 META, Germany).
RNA isolation and quantitative real-time PCR
Porcine COCs maturated in vitro for 27 h, and the oocytes in the control group, the MEHP group, and the melatonin group were then collected respectively. Total RNA were extracted from approximately 40 oocytes with a Dynabead mRNA DIRECT kit (Invitrogen Dynal, Oslo, Norway). According to the manufacturer's instructions (Invitrogen), first strand was synthesized with cDNA synthesis kit (Takara) by Oligo (dT) 12-18 primers. These cDNA were stored at -20
• C until analysis. The levels of relevant mRNAs were determined by quantitative RT-PCR using a FastStart Universal SYBR Green Master (Rox; Roche Applied Science, Mannheim, Germany) 
with One plus Real-Time PCR System (Applied Biosystems, Life Technologies, Carlsbad, CA, USA), Gene expression levels were analyzed using the 2 − Ct method after the melting-curve analysis was completed. The expression levels of the target genes were then normalized to the expression level of GAPDH in each sample. The primers are listed in Table 1 .
Protein extraction and western blot analysis
A total of 120 porcine oocytes were collected after in vitro culture for 27 h, and lysed in 4 × LDS sample buffer with a 10× reducing reagent (Thermo Fisher, Waltham, MA, USA). Proteins were boiled for 10 min at 85
• C. The denatured proteins were separated by 8% SDS-polyacrylamide gel electrophoresis and transferred onto a PVDF membrane (Millipore, Billerica, MA). Membranes were blocked in 5% (w/v) BSA in Trisbuffered saline (TBS) containing 0.1% (w/w) Tween 20 (TBST) for 1 h at room temperature, and subsequently incubated with a rabbit polyclonal anti-LC3 antibody (1:1000) or rabbit monoclonal anti-ATG7 antibody (1:1000) at 4
• C overnight. After washing three times in TBST (10 min each), membranes were incubated for 1 h with a 1:5000 dilution of HRP (horse radish peroxidase) conjugated goat anti-rabbit IgG (Santa Cruz, TX, USA). Chemiluminescence was performed with ECL Plus Western Blotting Detection System (Tanon-3900, China). Equal protein loading was confirmed by the levels of GAPDH (rabbit monoclonal anti-GAPDH antibody; 1:2000; Cell Signaling Technology).
Statistical analysis
In all of the experiments, at least three replicates were performed. Statistical analysis was carried out by analysis of variance. Differences between control, MEHP groups, and melatonin-treated groups were evaluated by independent-sample Tukey tests using Service Solutions (SPSS) (version 20.0, SPSS, Inc., Chicago, IL, USA) statistical software, and data were expressed as means ± SEMs. Differences of P < 0.05 were considered significant.
Results
Melatonin ameliorates meiotic defects in MEHP-exposed oocytes
We first explored the effects of MEHP on oocytes, and we assessed COCs' viability and oocytes maturation following different concentrations (50 μM, 75 μM, and 100 μM) after MEHP treatment.
After culturing for 44 h, cumulus expansion was first examined. As shown in Figure 1A , most of the cumulus were fully expanded in the control group, whereas partially expanded or not expanded cumulus were observed in MEHP treatment groups. Moreover, as shown in Figure 1B , most oocytes extruded first polar body (PBI) in the control group, while a big proportion of oocytes failed to extrude PBI after MEHP treatment. Compared with the control group (85.67 ± 2.74%, n = 110), the PBI extrusion rates were markedly declined after MEHP treatment in a dose-dependent manner. And the proportion of PBI was 65.55 ± 0.24% (n = 123, P < 0.01), 46.39 ± 4.72% (n = 121, P < 0.01), and 16.85 ± 8.05% (n = 121, P < 0.01) in 50 μM, 75 μM, and 100 μM MEHP groups, respectively. These results suggested that MEHP caused the failure of oocyte maturation. We then tried to explore whether melatonin had the protective effect against MEHP-induced meiotic defects, and MEHP-exposed oocytes were cultured in maturation medium supplemented with 1000-0.0001 μM melatonin. And the results showed that MEHP blocked the cumulus expansion and PBI extrusion compared with the control group (91.99 ± 2.36%, n = 187 VS 44.46 ± 5.50%, n = 185, P < 0.01) ( Figure 1C and D) , while 0.1 μM melatonin treatment significantly increased cumulus expansion and the proportion of PBI in MEHP-exposed oocytes compared with MEHP treatment group (44.46 ± 5.50%, n = 185 VS 68.38 ± 7.52%, n = 189, P < 0.05) ( Figure 1D ). The rates of porcine oocyte maturation showed no differences among the 75 μM MEHP and 1000, 10, and 0.001 μM melatonin administration groups (1000 μM: 53.56 ± 7.48%, n = 186; 10 μM: 59.42 ± 7.57%, n = 197; 0.0001 μM: 58.45 ± 5.44%, n = 189, P > 0.1). Therefore, 75 μM MEHP and 0.1 μM melatonin were selected in the subsequent study.
Melatonin promotes the cell cycle progression of MEHP-exposed oocytes
We next tried to confirm the effects of MEHP exposure and melatonin functions on meiotic cell cycle progression of porcine oocytes after 27 h culturing. The oocytes were divided into GVBD (germinal vesicle breakdown), MI (metaphase I), ATI (anaphase-telophase I), and MII (metaphase II) stage groups (Figure 2A ), and we recorded the proportions of oocytes that reached different meiotic stages in the control, MEHP, and MEHP + Mel groups ( Figure 2B ). Only 39.00 ± 5.50% (n = 95) of oocytes were arrested at GVBD stage, and most of the oocytes reached to MI (48.33 ± 6.01%, n = 95) or ATI/MII (12.67 ± 1.76%, n = 95) stage in the control group, while most MEHP-treated oocytes were arrested at GVBD stage (70.91 ± 3.76%, n = 107, P < 0.01). Melatonin supplement was observed to have positive effects on meiotic cell cycle progression. The GVBD rate of the oocytes in the medium supplemented with melatonin (MEHP + Mel group) (54.85 ± 3.15%, n = 102) was significantly lower than that of the MEHP-exposed groups (70.91 ± 3.76%, n = 107, P < 0.05). Accordingly, the proportion of MI stage oocytes in MEHP + Mel group was significantly increased to 40.98 ± 2.52% (n = 102) compared with the MEHP-exposed groups (26.76 ± 4.99%, n = 107, P < 0.05). The rates of porcine in ATI/MII stage showed no differences between the MEHP and melatonin administration groups after 27 h of culturing (2.33 ± 6.01%, n = 107 VS 4.17 ± 1.45%, n = 102, P > 0.1). Thus, these results suggested that MEHP affected cell cycle progression of porcine oocytes and melatonin rescued this in the oocytes with MEHP exposure.
Melatonin restores spindle defects and actin distribution in MEHP-exposed oocytes
Spindle formation is critical for the polar body extrusion, and we next assessed spindle morphology in the oocytes exposed to MEHP.
As shown in Figure 3A , in the control group most oocytes exhibited a typical barrel-shaped spindle apparatus and well-aligned chromosomes on the metaphase plate, with only 8.25 ± 1.79% (n = 98) abnormal spindle. In contrast, 37.72 ± 4.32% (n = 100, P < 0.001) of MEHP exposure oocytes displayed disorganized spindle or misaligned chromosomes. Melatonin supplement reduced the frequency of aberrant spindle compared with MEHP exposure group (11.25 ± 2.51%, P < 0.01) ( Figure 3B ). In addition, polar body extrusion is also highly correlated with actin filaments. We then detected actin distribution in both the membrane and cytoplasm of oocytes following MEHP treatment. FActin staining with phalloidin indicated that the arrangement of the actin filaments exhibited an apparent alteration in MEHP-exposed oocytes. Compared with controls, the accumulation of actin signals at the cortical region decreased in MEHP-exposed oocytes, while in the melatonin administration group the actin signals showed no difference compared with the control group ( Figure 3C ). The actin intensity from the lineation also confirmed this ( Figure 3D ). We also analyzed the average fluorescence intensity of actin, and the results were consistent with Figure 3C . Actin intensity was significantly decreased in the MEHP treatment group compared to the control oocytes (1.00 VS 0.73 ± 0.01, n = 35, P < 0.001), while melatonin administration showed rescue effects after MEHP exposure (0.99 ± 0.03, P < 0.001) ( Figure 3E ). However, there was no difference for the actin fluorescence intensity in the cytoplasm among these groups ( Figure 3E ). These data suggested that melatonin ameliorated MEHP-induced defects of meiotic spindle organization and actin distribution in porcine oocytes.
Melatonin rescues epigenetic alterations in MEHP-exposed oocytes
Epigenetic modifications in oocytes are critical for fertilization and early embryo development. We examined histone methylation and DNA methylation levels in MEHP-exposed oocytes. MEHPexposed oocytes showed higher H3K4me2 fluorescence signals compared with the control group ( Figure 4A) , and the relative fluorescence intensity of H3K4me2 analysis also confirmed this (1.00 vs 2.94 ± 0.19, n = 30, P < 0.05) ( Figure 4B ). This toxic effects by MEHP could be rescued by melatonin, showing with the decrease of H3K4me2 fluorescence intensity compared with MEHP exposure group (1.61 ± 0.07, P < 0.05) ( Figure 4A and B). Similar results were found for 5mC level, immunostaining results reflected that 5mC level was significantly decreased in MEHP-exposed oocytes, while resorted to a level indistinguishable from the control oocytes after melatonin treatment ( Figure 4C ). The relative fluorescence intensity of 5mC in MEHP-exposed oocytes was both lower than that in controls and melatonin-administered groups (1.00 vs 0.29 ± 0.03 vs 0.84 ± 0.07, n = 36, P < 0.01) ( Figure 4D ). These results showed that MEHP altered the epigenetic modifications, while melatonin could rescue these anomalies.
Melatonin alleviates oxidative stress in MEHP-exposed oocytes
Since the involvement of melatonin in redox homeostasis, we next determined whether melatonin supplement could prevent oxidative stress for oocyte meiotic progression in MEHP-exposed oocytes. To achieve this, we first stained oocytes with DCFH-DA fluorescent dye to evaluate the ROS levels of the control, MEHP-exposed, and Fluorescence intensities were analyzed using ImageJ software. Data were expressed as mean percentage ± SEM from at least three independent experiments. * * P < 0.01; * * * P < 0.001.
melatonin-treated groups after 27 h of culturing. The fluorescent staining results reflected that ROS levels in control oocytes were obviously increased when exposed to MEHP environment, while following the administration of melatonin, ROS generation reduced dramatically ( Figure 5A ). Quantitative analysis of the ROS relative fluorescence intensity in different groups confirmed these (Figure 5B) . Additionally, given the functions of antioxidant enzyme in ROS in cells, we further evaluated whether melatonin influenced the gene expression levels of antioxidant enzymes including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) in oocytes of these three groups by quantitative PCR analysis. As shown in Figure 5C , significant decreases of SOD1 (1.00 vs 0.62 ± 0.09, P < 0.05) and CAT expression levels (1.00 vs 0.73 ± 0.11, P < 0.05) were observed in oocytes exposed to MEHP. Notably, melatonin could upregulate the gene expression of SOD1 (1.30 ± 0.16, P < 0.05), SOD2 (0.97 ± 0.15 VS 1.47 ± 0.12, P < 0.05), and CAT (1.13 ± 0.11, P < 0.05) in 27 h cultured oocytes. Taken together, the results indicated that melatonin positively induced the reduction of ROS level by raising the anti-oxidative stress genes expression of MEHP-exposed oocytes.
Melatonin decreases early apoptosis and autophagy levels in MEHP-exposed oocytes
To further probe how melatonin acts as an antioxidant to influence the oocyte meiotic progression, we hypothesized that MEHP The relative fluorescence intensity of 5mC in the control, MEHP-exposed, and MEHP + Mel oocytes. Fluorescence intensities were analyzed using ImageJ software. Data were expressed as mean percentage ± SEM from at least three independent experiments. * P < 0.05; * * P < 0.01; * * * P < 0.001.
would induce the oxidative stress which was accompanied by the apoptosis of porcine oocytes. To confirm this assumption, by the Annexin V-FITC assay, we first detected the early apoptotic signals in different groups. As shown in Figure 6A , compared with control oocytes, MEHP-exposed oocytes displayed Annexin V signal, indicating the occurrence of early apoptosis. And the percentage of Annexin V positive oocytes significantly increased in MEHPexposed group compared with the control group (2.50 ± 1.44% vs 19.98 ± 1.51%, P < 0.01). However, melatonin could block early apoptosis of oocytes exposure to MEHP, and the proportion of early apoptosis positive oocytes was significantly decreased to 4.34 ± 1.45% (P < 0.01) ( Figure 6B ). These results suggested that melatonin protected oocytes from early apoptosis effectively when exposed to MEHP. Additionally, it was unclear whether the anti-oxidation function of melatonin on porcine oocytes was dependent on the induction of autophagy. We next performed LC3 antibody staining to examine the autophagosome, an indicator of autophagy in different groups. As shown in Figure 6C , compared with the control group, the increase of autophagosome was observed as green dots accumulated in the cytoplasm of MEHP-exposed oocytes, while melatonin administration restored the accumulation of autophagosome. Correspondingly, western blot analysis demonstrated substantially increased protein expression of autophagy markers LC3 and ATG7 in MEHP-exposed oocytes, with the decrease of LC3 and ATG7 expression after melatonin administration ( Figure 6D ). Furthermore, we also quantified the expression levels of autophagy-related genes including LC3, ATG3, ATG5, ATG7, LAMP2, and mTOR. Quantitative RT-PCR analysis reflected that the relative mRNA levels of LC3 and ATG3 significantly increased in MEHP-exposed oocytes compared to the control oocytes; however, melatonin significantly downregulated the transcription of autophagy-related genes as tested (LC3: 1.00 vs 1.33 ± 0.03 vs 0.78 ± 0.09; P < 0.01; ATG3: 1.00 vs 1.17 ± 0.02 vs 0.70 ± 0.10; P < 0.05) ( Figure 6E ). The relative mRNA levels of ATG5 ATG7, LAMP2, and mTOR showed no differences among the control, MEHP, and melatonin treatment groups (ATG5: 1.00 vs 1.23 ± 0.12 vs 0.88 ± 0.13, P > 0.1; ATG7: 1.00 vs 1.43 ± 0.28 vs 1.25 ± 0.29, P > 0.1; LAMP2: 1.00 vs 1.07 ± 0.16 vs 0.75 ± 0.19, P > 0.1; mTOR: 1.00 vs 1.24 ± 0.35 vs 1.01 ± 0.37, P > 0.1). Collectively, these data implied a pre- The expression of anti-oxidative stress genes (SOD1, SOD2, CAT, and GPx) in the control, MEHP-exposed, and MEHP + Mel oocytes. Data were expressed as mean percentage ± SEM from at least three independent experiments. * P < 0.05; * * P < 0.01.
ventive effect of melatonin on MEHP-derived autophagy in porcine oocytes.
Discussion
In this study, we clarified the toxic effects and possible mechanisms of MEHP on oocyte maturation and confirmed the actions of melatonin on ameliorating MEHP-induced oocyte deterioration.
The results indicated that MEHP exposure resulted in the failure of porcine oocyte maturation, showing with disrupted cell cycle progression, cytoskeleton dynamics, and altered epigenetic modifications. However, melatonin administration protected oocytes from MEHP-induced retrogradation of oocyte quality through attenuating oxidative stress-induced apoptosis and autophagy.
Mammalian cumulus cell expansion is critical for oocyte growth and is considered as an important marker for oocyte maturation. Our results showed that porcine cumulus cells expansion became progressive in MEHP-exposed oocytes in a dose-dependent manner. Furthermore, porcine oocyte maturation was also retarded by MEHP exposure, showing with the delayed cell cycle and the failure of polar body extrusion. This was consistent with the previous study showing that DEHP exposure impaired meiotic progression of mouse oocytes [8, 32] and nuclear maturation of bovine oocytes [33, 34] . Several environmental chemicals such as Bisphenol A [35] and mycotoxin Aflatoxin B1 [36] were also reported to disturb cell cycle progression in oocytes. We found that supplement of 0.1 μM rather than a higher concentration of melatonin relieved the adverse effect of MEHP on porcine cumulus cells expansion, delayed cell * P < 0.05; * * P < 0.01; * * * P < 0.001.
cycle and rescued the oocyte maturation. This result was consistent with the previous studies showing that low pharmacological melatonin concentration (0.1 μM or 0.001 μM) significantly improved the quality of oocytes [28, 37] . However, high concentration of melatonin could cause significantly increased cytotoxicity owing to its pro-oxidant effects as a cell proliferation inhibitor [38, 39] , and these might be due to the intracellular ROS formation and Fasinduced apoptosis induced by melatonin [39, 40] . Thus, we suggested that melatonin was one potential candidate to ameliorate the oocyte maturation under the exposure to MEHP. The dynamic coordination of microtubules and actin filaments is critical for cell cycle progression and polar body extrusion during oocyte maturation. Our results showed that MEHP exposure negatively affected spindle organization and actin distribution in porcine oocytes. Thus, the failure of polar body extrusion might be due to the dysfunctional cytoskeleton dynamics in MEHP-exposed oocytes. We also showed that melatonin rescued the stability of spindle and actin filaments in MEHP-exposed oocytes. These results were consistent with previous studies which showed that melatonin might play a key role in cytoskeletal rearrangements [41, 42] . Therefore, melatonin might ameliorate cytoskeleton organization to rescue cell cycle progression and polar body extrusion of MEHP-exposed oocytes. Besides cytoskeleton dynamics, epigenetics programming that participates in the regulation of gene transcription is also the pivotal event for oocyte maturation [43] . Increasing evidence indicated that pollutants might cause cell dysfunctions via epigenetic modifications [44] . Our results showed that the meiotic maturation failure caused by MEHP exposure might be also resulted from the impairment of epigenetic modifications since 5mC and H3K4me2 levels were altered after MEHP exposure. MEHP was shown to reduce DNA methylation and increase the H3K4methylation in the developing conceptus [45] , and the exposure to MEHP changed the DNA methylation level in human placenta [46] . Our result was also similar with the study which showed that environmental chemicals Bisphenol A and phthalates affected histone modification, DNA methylation, and the formation of histone variants [47] . However, different alteration pattern of H3K4me2 level in our results was shown compared with Bisphenol A in oocytes [48] . H3K4 methylation was shown as an activating epigenetic marker [49] , and in addition to regulating gene activation, H3K4me2 was also for gene regression [50] . Therefore, the increase or decrease of H3K4me2 could be happened due to different concentration or exposure to different environmental chemicals. Further studies for how H3K4me2 functions under the exposure of toxins in oocytes are still needed. Our results indicated that melatonin could restore H3K4 methylation and 5mC methylation levels as controls under the MEHP exposure. This result was also consistent with the opinion which indicated that the regulation of melatonin was linked to epigenetic phenomena [51] . Therefore, stabilized epigenetic modification levels might be another reason to rescue the effects of melatonin on the meiotic progression of MEHPexposed oocytes.
We then tried to explore the possible mechanism for the toxicity of MEHP on oocytes. Previous studies suggested that MEHP exposure increased ROS generation and oxidative DNA damage in reproductive tissues of both human and animal models [12, 17, 52] . And DEHP/MEHP inhibited the growth of mouse ovarian antral follicles by inducing production of ROS through disrupting the activities of antioxidant enzymes [12] . Similar with previous work, we observed that MEHP also increased the production of ROS in porcine oocytes, indicating the occurrence of oxidative stress, and this might be due to the significantly decrease of SOD1 and CAT mRNA levels. Increased levels of ROS were associated with the induction of cell cycle arrest in human oocytes [53] . Furthermore, oxidative stress caused a significant damage to cytoskeletal organization, including the cortical actin cytoskeleton disorganization [41] as well as microtubule network disruption [42] . Additionally, oxidative stress induced the change of epigenetic regulation, including DNA methylation, and histone modification, which finally resulting in heritable modifications [54] . Therefore, our results indicated that MEHP caused excessive ROS production, which further caused cytoskeleton dynamics defects and altered epigenetics modifications in porcine oocytes. Moreover, we observed that melatonin supplement increased oxygen free radical scavenging by markedly upregulating the expression of SOD1, SOD2, and CAT mRNA levels in MEHP-exposed oocyte. Melatonin was reported to increase the expression/activity of antioxidant enzymes, particularly SOD2 [55] ; we therefore proposed that melatonin supplementation induced antioxidant enzymes activity in MEHP-exposed oocytes, which prevented oxidative stress and the following meiotic defects of oocytes.
The production of ROS is accompanied by apoptotic cell death and autophagic cell death. The extensive ROS production could trigger apoptosis and further affect oocyte maturation process [53, 56] . And higher level of ROS triggered granulosa cell apoptosis, which further leads to apoptotic cell death of oocyte [57] . Our results showed that MEHP treatment induced early apoptosis, and this result was consistent with previous study which showed that DEHP could induce germ cell apoptosis through pro-apoptosis regulators activation [29] . And our data also showed that melatonin administration rescued the toxic effects of MEHP on the early apoptosis in porcine oocytes. This was consistent with the study which showed that melatonin regulated apoptosis via its receptor MTNR1A in bovine granulosa cells [58] , and it was also reported to protect against cisplatin-induced apoptosis in mice follicles via the MT1 receptor and antioxidant effects in vivo [59] . The accumulation of ROS is also associated with the induction of autophagy, while autophagy is also an important cellular process for oocyte maturation. Our results showed that MEHP exposure induced autophagy, which was confirmed by the increased autophagic gene/protein expression. Similar result was also reported showing that MEHP might induce autophagic cell death that was elicited by ROS in human [16] . Thus, we proposed that the effects of MEHP on porcine oocyte were also depended on autophagic activation induced by oxidative stress. Besides, melatonin supplement markedly reduced autophagy in MEHP-exposed oocytes. Similarly, melatonin administration reduced autophagy level in the liver cells of obese mice [60] and the brain cells of rat pups with hypoxic-ischaemic (HI) [61] . The protective effect of melatonin on autophagic cell death might through the regulation of SIRT3/SOD2 signaling pathway in HepG2 cells [62] . Our results indicated that melatonin protected oocyte from oxidative stress-induced early apoptosis and autophagy in MEHP-exposed oocytes.
In conclusion, our results indicated that MEPH was toxic to porcine oocyte maturation, showing with disrupted cell cycle processes, cytoskeleton dynamics, and altered epigenetic modifications. Oxidative stress-induced apoptosis/autophagy might be the causes for reduced oocyte maturation under MEHP exposure. And melatonin is a promising pharmacological agent for preventing the potential toxicity of MEHP.
